Background: There is a paucity of normative echocardiographic data in preterm infants. The objectives of this study were to (1) derive left ventricular (LV) M-mode reference values and (2) compare the performance of alternative methods of indexing LV dimensions and LV mass (LVM) in preterm infants. The authors propose that indexing LV measures to weight in preterm infants is a practical approach given the variability associated with tape-measure length measurement in infants.
Two dimensionally guided M-mode echocardiography is commonly used to obtain measures of left ventricular (LV) chamber size and wall thickness as well as derived values of LV mass (LVM) and relative wall thickness (RWT) in children and adults. Because LV hypertrophy (LVH) is known to be associated with adverse cardiac events in adults, increased attention is being paid to the identification of early stages of LVH during childhood. [1] [2] [3] [4] [5] Elevated LVM, derived from M-mode echocardiography, is of particular interest because it is often used to define LVH. 6 M-mode echocardiography offers the advantage of quick acquisition in irritable preterm infants with sedation risks. Appropriate normalization of LV measures is especially critical in young infants because of the enormous variability in body size and altered body proportions with variable gestational age and growth. 7 Numerous methods have been proposed to normalize cardiac dimensions to body size, including simple division by height, weight, or body surface area (BSA) or more complex allometric relationships of these body measures.
7-13 LVM indexed to height (g/m 2.7 or g/m 2.16 ) has gained wide acceptance but may not be an ideal method for standardizing LVM to body size in infants. [4] [5] [6] [7] 14 Furthermore indexing to length or body surface may not be optimal in preterm infants, because of the inaccuracy of the commonly used tape-measure technique for length measurement in neonates. 15, 16 More recently, centile curves used for pediatric growth charts by the National Center for Health Statistics have been demonstrated to be useful for evaluating LVM in children. 7, [17] [18] [19] [20] Improved survival of extremely premature babies has further led to the recognition of LVH in preterm infants. 21 Studies of former preterm infants at 5 and 7 years of age found decreased LV chamber size and increased ventricular septal thickness but did not track cardiac abnormalities from the nursery. 22 , 23 The paucity of normative echocardiographic data in preterm infants limits the identification of patients that might be at risk for persistent cardiac abnormalities. Biased or imprecise cardiac growth curves can lead to inappropriate clinical or management decisions. 8, [24] [25] [26] [27] [28] [29] [30] In this study, we sought to derive LV M-mode reference values with centile curves and to compare the performance of alternative methods of indexing LV measures in preterm infants (length, weight, and BSA).
METHODS

Study Design
For the purpose of this retrospective study, LV M-mode echocardiographic remeasurements were made in two cohorts of preterm infants: (1) a prospective cohort of 131 preterm infants (born at <29 weeks' gestational age) recruited between August 2011 and November 2013, and (2) a retrospective database-generated cohort of 372 preterm infants from January 1, 2005, through December 31, 2014. The institutional review board of Washington University School of Medicine approved the study. All subject guardians in the prospective sample provided written informed consent.
Retrospective Study Population. Last 10-year echocardiographic and clinical databases for St. Louis Children's Hospital were retrospectively reviewed. All preterm infants #2 kg born from 2005 to 2014 with technically adequate echocardiographic evaluations (defined as echocardiograms with measurable M-mode) performed at St. Louis Children's Hospital were eligible for inclusion. Exclusion criteria were (1) congenital heart disease, including moderate or large atriallevel shunt; (2) moderate or large patent ductus arteriosus (PDA); (3) known genetic cardiomyopathy, including hypertrophic cardiomyopathy, genetic syndromes (such as Noonan syndrome and Pompe disease), neuromuscular disease, chromosomal abnormalities, diagnosis of pulmonary hypertension (diagnosed on the basis of clinical chart review or echocardiographic interpretation), connective tissue disease, and clinical or radiologic diagnosis of kidney disease; (4) incomplete medical records; and (5) enrollment in the prospective sample (described later). Patients with moderate or large shunts on prior echocardiographic studies were eligible if $1 month elapsed until the time of the study echocardiographic examination.
Prospective Study Population. Additionally, 131 preterm infants were prospectively enrolled from among infants participating in the Prematurity and Respiratory Outcomes Program, a seven-center initiative sponsored by the National Heart, Lung, and Blood Institute (ClinicalTrials.gov identifier NCT01435187). 31 All infants in the prospective sample were enrolled at St. Louis Children's Hospital neonatal intensive care unit between August 2011 and November 2013. All prospective subjects had structurally normal hearts; none had a family history of genetic cardiomyopathy, genetic syndromes, or known chromosomal abnormality. All prospectively enrolled subjects were reevaluated 1 year later to validate that they remained free of any recognizable systemic disorder, including hypertension. All patients enrolled in the prospective study routinely underwent echocardiograms per the Prematurity and Respiratory Outcomes Program study protocol. 31 All subjects with initial echocardiographic readings of moderate or large shunts were excluded without review. If the initial reading of shunt size was small to moderate, a senior echocardiographer (M.C.J.) reviewed the studies to exclude any with moderate or larger shunts. PDA was graded as small if the ratio of the smallest ductal diameter to ostium of the left pulmonary artery was <0.5.
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Atrial shunts were qualitatively graded as small if there was no right ventricular or right atrial enlargement and the color flow Doppler diameter of the shunt was <20% of the length of the atrial septum.
Body Size Parameters
Measurements for weight and length were based on neonatal intensive care clinical records with daily weight and weekly tape-measured length while the infant was supine with stretched legs. The most recent length and weight measurements on the day echocardiography was performed were collected. We used the Haycock formula to calculate BSA: weight 0.5378 Â height 0.3964 Â 0.024265. 33 
Echocardiography
All echocardiographic studies were performed on commercially available cardiac ultrasound scanners according to the guidelines of the American Society of Echocardiography. 28 All of the 503 echocardiograms were remeasured offline for the purposes of the present study by S.C. M.C.J. remeasured 100 studies in a blinded fashion and was allowed to choose the M-mode image for measurement for interobserver variability determination. Measurements were made by two-dimensional guided M-mode echocardiography using the parasternal short-axis view at the level of the papillary muscles. End-diastole was defined as the time of maximum LV dimension. Electronic calipers were used to measure end-diastolic interventricular septal thickness (IVSd), end-diastolic LV posterior wall thickness (LVPWd), LV end-diastolic dimension (LVEDD), and LV end-systolic dimension (LVESD). Measurements were repeated over three consecutive cardiac cycles and averaged. LVM was estimated using the Devereux equation: LVM (g) = 0.8{1.04 [(LVEDD + LVPWd + IVSd) 3 À (LVEDD) 3 ]} + 0.6. 34 RWT was calculated using two formulas: (1) RWT = 2(LVPWd)/LVEDD and (2) RWT = (LVPWd + IVSd)/LVEDD.
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Statistical Analysis
Descriptive statistics were used to summarize demographic and echocardiographic measures. Continuous variables are summarized as mean 6 SD or as mean (10th percentile and 80th percentile) as appropriate. Categorical variables are presented as absolute and relative frequencies or as numbers and percentages. Comparisons between the retrospective and prospective samples were performed using independent-samples t tests or Mann-Whitney U tests for continuous variables and c 2 or Fisher exact tests for categorical variables. Intraobserver and interobserver variability for IVSd, LVPWd, LVEDD, LVESD, and LVM measurements were determined in 100 randomly selected patients using intraclass correlation coefficients (ICCs). A twosided P value < .05 was considered to indicate statistical significance; analysis was performed using SAS version 9.3 (SAS Institute, Cary, NC).
Centile Curves. The lambda-mu-sigma (LMS) method was used to construct smoothed reference centile curves for LV dimensions (IVSd, LVPWd, LVEDD, and LVESD) and LVM indexed for three body size parameters (weight, length and BSA). 37 The LMS method fits three curves, lambda, mu, and sigma, which represent the BoxCox power transformation of skewness, the mean, and the coefficient of variation, respectively. The data were assessed for influential outliers using locally weighted scatterplot smoothing regression, a robust regression technique, in SAS. Observations with residuals outside of the second and 98th percentiles were removed. Separate sex-specific curves were constructed for each of the aforementioned five M-mode echocardiographic measures and the three body size parameters. Using the LMS function in the R package Generalized Additive Models for Location, Scale and Shape, the effective degrees of freedom parameters (for lambda, mu, and sigma) with the lowest generalized Akaike information criterion was identified by an automated algorithm. The reference centile curves were generated to reflect the fifth, 10th, 25th, 50th, 75th, 80th, 90th, and 95th centiles. Z scores were computed using the following formula:
. Z scores derived from weight were compared with the indexes of length and Haycock BSA using Bland-Altman plots and the ICC. 38 Confounding Effects. The effects of the following potential confounding factors on LVM indexed to weight were evaluated using quantile regression: (1) postmenstrual age (defined as the time elapsed between the first day of the last menstrual period and birth [gestational age] plus the time elapsed after birth [chronologic age]), 39 (2) chronologic age, (3) sex, and (4) PDA (yes or no). Quantile regression is a robust regression model that does not make any assumption regarding normality and allows estimation of the quantiles of the distribution of the outcome variable. Although it cannot be used to compute Z scores, it can estimate the effect of covariates for different quantiles of LVM. Weight was modeled using a spline effect, and covariates considered were postmenstrual age, sex, and PDA (yes or no). An additional model was constructed to consider the effect of chronologic age instead of postmenstrual age. Covariate effects were tested using a likelihood ratio test, and a significance level of 0.05 was used.
RESULTS
Demographics
We reviewed the charts and echocardiograms of 692 preterm infants (#2 kg). Of those, 503 patients met the inclusion criteria and were included in the final analysis. Of the 189 excluded patients, 107 had moderate or large PDAs and/or atrial-level shunts, and 82 patients had congenital heart disease. About one-third of the patients (n = 39) who were excluded because of moderate or large PDAs and or atrial-level shunts had underlying pulmonary hypertension. The baseline characteristics of all 503 preterm infants who participated in the study are presented in Table 1 . The study population had equal sex distribution (249 of 503 male [49.5%]). Small atrial-level shunts were seen in the majority of patients (90%). Small ductal shunts were noted in about 40% of patients. Of note, 189 patients (37.5%) had extremely low birth weight (<1 kg on day of scan).
Echocardiographic Values
Results were pooled because there were no differences in mean echocardiographic measures when comparing retrospective versus prospective groups, respectively: IVSd (2.7 6 0.6 vs 2.7 6 0.4 mm, P = .80), LVPWd (2.4 6 0.5 vs 2.5 6 0.4 mm, P = .10), LVEDD (13.8 6 2.9 vs 14.1 6 2.2 mm, P = .20), LVESD (8.9 6 2.2 vs 9.1 6 1.8 mm, P = .30), and LVM (4.27 6 2.04 vs 4.38 6 1.49 g, P = .50). LV dimensions (IVSd, LVPWd, LVEDD, and LVESD) and LVM indexed for weight sexspecific centile curves were generated (Figures 1 and 2 ). The lambda, mu, and sigma measures to compute Z scores for weight are provided in Tables 2 and 3 (for male and female 
Confounders
The quantile regression model with postmenstrual age found that weight was independently associated with LVM between the fifth and 95th percentiles (P < .0001 for all percentiles). Sex was independently associated with LVM between the fifth and 75th percentiles, such that female infants had lower LVM compared with male infants in these percentiles (fifth, P = .04; 10th, P < .0001; 25th, P = .0002; 50th, P = .02; 75th, P = .04). PDA and postmenstrual age were not found to be independently associated with LVM. The quantile regression model using chronologic age as a covariate found that weight, sex, and PDA had associations with LVM similar to the model using postmenstrual age. However, chronologic age was independently associated with LVM for the 10th (P = .03), 25th (P = .006), 75th (P = .01), and 80th (P = .03) percentiles. For every 1-day increase in days of life, LVM increases by 0.008 g (95% CI, 0.0015-0.0141 g) to 0.011 g (95% CI, 0.0023-0.0190 g) for the significant quantiles. The impact of chronologic age on the model for LVM indexed to weight in male infants is shown with a graph of the smoothed fitted parameter in Figure 3 . Figure 1 Reference centile curves for male infants generated using the LMS method for (A) IVSd normalized to weight on the day of scan, (B) LVPWd normalized to weight on the day of scan, (C) LVEDD normalized to weight on the day of scan, (D) LVESD normalized to weight on the day of scan, and (E) LVM normalized to weight on the day of scan.
Interobserver and Intraobserver Variability
The reproducibility analysis is summarized in Table 4 . No significant differences were observed within observers (P > .05). For all interobserver measurements, there was an interclass correlation coefficient $ 0.96 with P < .01.
DISCUSSION
This study provides normative M-mode reference values with sexspecific centile curves from a large population of preterm infants up to 2 kg. Allometric analysis with LMS centile curves affirmed that Figure 2 Reference centile curves for female infants generated using the LMS method for (A) IVSd normalized to weight on the day of scan, (B) LVPWd normalized to weight on the day of scan, (C) LVEDD normalized to weight on the day of scan, (D) LVESD normalized to weight on the day of scan, and (E) LVM normalized to weight on the day of scan. Table 3 Lambda, mu, and sigma values for female infants for each LV M-mode echocardiographic measurement indexed using weight indexing these measures to weight is appropriate. Because preterm infants are a heterogeneous group of hospitalized patients, and it is difficult to define a ''healthy preterm'' population, it may be appropriate to use tighter normal ranges than the standard fifth and 95th percentiles. The smoothed centiles curves along with LMS parameters generated allow the calculation of the percentiles and Z scores, facilitating the interpretation of LV M-mode measures in preterm infants. Additionally, these data allow graphical or calculated Z score threshold limits to vary depending on the clinical question. We included determination of normal values for RWT because this measure does not require indexing to body size and has been widely used in adults to classify patterns of remodeling. 40 Upper limits of RWT in this preterm population are increased compared with pediatric values, possibly in part because of morbidity inherent in hospitalized preterm infants or normal age-related changes. 41, 42 Because our retrospective cohort was a 10-year echocardiographic database-generated group and did not represent a consecutive birth cohort, we validated these results with a smaller prospectively enrolled cohort. The absence of differences between these groups offers some evidence against a bias based on test indication. Our large data set allowed a robust comparison of body size indexing methods in preterm infants #2 kg. Our results demonstrated that LV dimensions indexed to weight were similar to the curves generated using BSA and length. Smaller [43] [44] [45] A study of 40 preterm infants comparing small versus appropriate-for-gestational-age groups included LVM and found that indexing to length compared with weight removed differences between groups at the same time acknowledging the practical difficulties of length measurement. 16 Nagasawa et al. 46 concluded length was an appropriate index for LVEDD in patients <1 year of age with only 32 patients <32 weeks' gestation. These prior studies did not use centile curves for LV dimensions. LVH is recognized as an independent predictor of cardiovascular morbidity and mortality in adults.
1,2 Accurate diagnosis of LVH depends on normalization of LVM for body size. There has been debate regarding the best method of standardizing LVM. 7, 17, 47 Numerous authors have described both lean body mass (LBM) and fat-free mass as ideal methods for indexing LVM, but these measures have practical barriers. 17, 47 Therefore, surrogates of LBM such as weight, height, and BSA have been used to index LVM in various studies. 7, 14, 48, 49 Although LVM/height 2.7 is a widely accepted method of normalizing LVM, it has limitations in young children. 7, 17 LVM index is known to increase with decreasing height, particularly for height < 140 cm. 7, 14 Furthermore, indexing to length or body surface may not be optimal in preterm infants because of the inaccuracy of the commonly used tape-measure technique. 15, 16 In addition, length is more prone to error because it is obtained less frequently than weight in neonatal intensive care units. In small studies of term and preterm neonates body weight had the best correlation with fat-free mass measured with dual energy x-ray absorptiometry. 50, 51 On the basis of these considerations for LVM, we tested weight as a method of indexing for all LV measures and generated sex-specific weight centile curves for these preterm infants #2 kg. Because weight is a practical measurement in preterm infants and our analysis found that length or BSA were not superior indexes, we propose that weight be used as the index for LV dimensions in small premature infants. Foster et al. 17 recently published LBM predictive equations for children and adolescents that have not been validated for young infants. Future work could include deriving a similar predictive equation for young infants and validating it with LBM or fatfree mass.
Limitations
This study had some notable limitations. First, the retrospective study population was likely biased, because patients underwent echocardiography for clinical reasons and did not represent a consecutive birth cohort. Moreover, all of these infants were cared for at a tertiary care referral center, suggesting bias toward worse disease. Next, our cohort comprised heterogeneous ethnic preterm infants. We could not evaluate the effect of ethnicity on LV dimensions. We limited the analysis of confounding factors to LVM secondary to the complex nature of quantile regression and to reduce the potential for multiple comparison errors. The high incidence of PDA in the preterm population makes it difficult to eliminate PDA as a confounding factor. These infants may have had persistent altered LV dimensions from a moderate to large PDA present at some time before the study echocardiogram. We did not measure LBM, which is considered the optimal method for standardizing LVM. Although two-dimensional measurements have been recommended in the pediatric population, 28 we found that M-mode had practical advantages in these preterm infants. Methods that use two-dimensional echocardiography, such as the area-length algorithm, 52 are difficult to use in agitated preterm infants with risk factors that prevent sedation. Magnetic resonance imaging would be an ideal validation tool but also has practical challenges in this population. Last, our analysis of confounding factors for LVM suggests that at ages far from the mean chronologic age ($80 days), these centile curves are less accurate. Clinical outcome studies are needed to validate the use of LV dimensions indexed to weight with LMS centile curves. Figure 3 Fitted smoothing parameter (spline) for the additive predictor chronologic age for the model of LVM indexed to weight in male infants.
